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Hydropower Research and Development
in Minnesota
ROGER E. A ARNDT and JOHNS. GUWVER
ABSTRACT-Although hydropower development in Minnesota accounts for a relatively small percentage of
its total electricity production (2-3% ), it has a very favorable impact on Minnesota's economy. Every dollar saved
on fuel purchases outside of Minnesota is the equivalent, considering the average economic turnover of money
in Minnesota, to spending three dollars within the State. In addition, an estimated 320 million dollars of
possible new construction of economical hydropower installations would also represent a significant boost
to the local economy since hydropower is a technology that can be developed with Minnesota-based
engineering firms and construction contractors. This paper summarizes the history of hydropower
development and focuses on the research program at the University of Minnesota's St. Anthony Falls Hydraulic
Laboratory (SAFHL) which is directed towards making hydropower a more cost effective energy option.

Introduction
The use of falling or flowing water to perform work has
been practiced for thousands of years. Although the Romans
knew of waterwheels, the labor-saving devices were not used
extensively until the fourteenth century (1). Early tasks for
water wheels included grinding grain, sawing wood, powering textile mills, and later operating manufacturing plants.
Mills or factories were located at the hydropower site in order
to directly use the available energy. The power output of
these early plants was usually limited to a hundred or so
kilowatts. By the end of the eighteenth century, there were
approximately 10,000 water wheels in New England alone
(1), and the early settlers in Minnesota brought this technology with them. Rudimentary dams were built with flumes to
bring the water down to a waterwheel. Many Minnesota cities
were located to take advantage of the hydropower potential
of a rapid drop in river elevation. The City of Minneapolis, for
example, originated at St. Anthony Falls for precisely that
reason (2).
The first hydroelectric plant in the United States is usually
documented as coming on line September 30, 1882, in
Appleton, Wisconsin. However, Merritt (3) cited the fact that
the Minneapolis Brush Electric Company began operating a
hydroelectric plant some 25 days earlier. The transmission of
power over long distances became economical in 1901 with
the installation of alternating current equipment at Niagara
Falls, New York, U.SA., by George Westinghouse, further
expanding the potential uses of hydropower.
The power capabilities of water turbines expanded as the
need grew. In the 1930s, large dams and ever increasing
turbine capacities became the norm. The power capacity of
steam turbines was also increasing rapidly, and the relative
cost of electricity continued to fall. The real cost of energy

decreased throughout the first seventy-five years of the
twentieth century. Because of this, the cost of operating and
maintaining older, smaller hydroplants became greater than
the income they could produce, and many were retired in the
period 1940-1980. This is illustrated in Figure 1, which shows
that small hydro capacity decreased as the overall hydropower capacity climbed rapidly in the United States.
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Figure 1. Installed hydroelectric capacity in the United States,
1882 to 2000. Adapted from (4).
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This trend changed with the escalating energy prices and
oil crises of the late 1970s. The U.S. Department of Energy
starte~ its small Hydropower Program to encourage research,
planning, and development of cost-effective hydropower at
small sites, many of which were previously decommissioned
by utilities. In addition, the Federal Government passed laws
that made private development of hydropower very attractive,
and some aspects of the legislation made it attractive for
municipal governments as well. The early 1980s were an
exciting time in the history of hydropower. Research and
extensive development were going on simultaneously. The
research was and is still needed because there is considerable
pressure for increased plant efficiency to produce energy at
competitive prices. Innovative technologies and construction
tech:1iques are needed to produce a properly operating and
efficient hydroplant at a cost that can compete with coal fired
plant technology.
The late 1980s saw a return to lower energy prices, with a '
subsequent reduction of the "gold rush" mentality in
hydropower development. Many of the techniques developed in the early 1980s, however, proved that some sites still
could be economically developed, even in a depressed
market for power. Hydro development has continued at a
steady, although somewhat slowed, pace. Research has also
co~t~nued, contributing to developing techniques to improve
efficiency at reduced cost, and helping to improve the
management of our precious water resources as related to
hydropower.
Although the SAFHL has had considerable experience with
the development of large hydropower sites around the world
since 1938, the laboratory's involvement in Minnesota
hydropower development began in 1980 with a small study
sponsored by the Minnesota Energy Agency. This study, and
subsequent work of a more extensive nature, sponsored by
the Department of Natural Resources and the Legislative
Commission on Minnesota Resources, clearly showed that
there v.:a_s a significant (although relatively small) potential
for additional hydropower development in Minnesota.
There are, however, constraints on future development in
spite of the obvious benefits of hydropower. Most hydropower sites in Minnesota are low head (less than 60 feet) and
small _(~ess ~han 15 MW). In many cases, the lack of storage
capabiho/ d~ctat_es run-of-the-river operation, i.e. the power
production is dictated by the variability of flow in the river.
Environmental factors also have to be considered. The natural
a~ra~ion process resulting from flow over spillways is
eliminated when the flow is diverted through turbines. In
some cases this may seriously impact the level of dissolved
oxygen in _a given reach of river. The most serious problem,
however, is economic. Small sites cannot afford extensive
~ngineering studies, and smaller turbines are more expensive
in terms of cost per kW capacity. This is further complicated
the fact that turbine cost rises dramatically with a decrease
in head. Newer, less expensive turbines offered by small
manufacturers are untested and may not represent a good
investment at this time.
~ese ~acts _were the stimulus for the research program
outlined in this paper. There are three major points to the
program: a) determination of the hydropower potential in
Minnesota taking economic constraints into account; b)
addressing this potential in an environmentally sound
manner and c) developing the technology necessary to meet
the constraints identified in a) and b).

?Y
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Hydropower Potential in Minnesota
One of the first questions that was asked in the early 1980s
was how much hydropower potential is there in Minnesota.
The current hydro capacity of Minnesota is 165 MW most of
it installed before 1940. There was a substantial a~ount of
speculation about hydropower potential in the state;
subsequently, a survey of the hydropower potential that could
be economically developed was desirable.
The ~urveywas conducted in three steps (5,6). A first stage
screening of the 853 existing Minnesota dam sites was
performed, using a rule-of-thumb chart for head and average
an~ual _flo_w that was ~eveloJ?ed specifically for the survey.
This e;iminated the sites with no economic hydropower
potential and left 108 sites with a perceived good or marginal
feasibility.
The second step concentrated on improving the accuracy
of the data base for the remaining 108 sites. Attempts to
contact all the dam owners were made, and information, such
as plans of the dam site, and headwater and tailwater
elevations, were requested. U.S. Geological Survey historical
records of stream discharge were used to estimate the flow
a~ eac? site. The site visits proved to be crucial to the survey,
since in many cases the actual net head measured in the field
was significantly smaller than that on record, and in extreme
cases it was found that some dams no longer existed. After
second stage screening, the number of sites had been
reduced to 65.
The third step of the survey utilized a microcomputer
program developed as part of the research project to perform
a_ more thorough pre-feasibility analysis of the 65 remaining
sites. The program uses river discharge information headwater and tailwater elevations, information on existi~g and
proposed hydroplants, operational constraints and standardized co~t curve_s to estimate plant capacity, ;nnual energy
production dunng peak and off-peak hours, and equipment
and plant cost. The program then computes benefit-cost ratio
and net discounted benefits for public financing, and chooses
the plant capacity for optimum economic return. Cost curves
for total equipment cost and total standardized project cost
were developed from prior experience and from information
given in the literature.
Hydropower feasibility was estimated to be positive for 34
of the si_tes, with a total capacity of 164 MW, an annual energy
generation of 581 GWH, and a total initial cost of 320 million
dollars (19~9 base year). That is sufficient power and energy
for approximately 164,000 people. The location of the sites
is given in Figure 2. These pre-feasibility studies have been
used by the_ State of Minnesota, municipalities, utilities, and
de~el~p~rs in ~rther analyses of the development potential
of individual sites. The survey only considered economic
feasibility and did not include other constraints such as
environmental, social, and regulatory concerns. Of the 164
MW, 72 MW have come under development since 1982.
Development of additional sites is continuing, as financing
and utility buy-back packages are formulated.

Environmental Quality Issues
. A w~ter quality s~udy is generally required for hydropower
hcensmg and relicensing at the federal and state level.
Usua\ly,_ this involves a study of the proposed or existing
plant s imp~ct upon downstream dissolved oxygen (DO)
concentration, temperature, and sometimes dissolved
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Figure 3. Water quality changes due to hydropower operation
at dams.

program on spillway aeration has been in progress since 1983
( 11 ), in cooperation with the Waterways Experiment Station
of the U.S. Army Corps of Engineers.
Figure 2. Location of existing Minnesota Dam sites with
hydropower potential as indicated by pre-feasibility studies.
(Squares-very good feasibility; Circles-good feasibility;
Triangles-marginally positive feasibility)

nitrogen. The water quality impact is a result of withdrawal
of reservoir water from a different level and reduced spillway
aeration.
As illustrated in Figure 3, a spillway withdraws most of its
water from the surface mixed layer of the reservoir, where DO
concentration and temperature are high, and toxins, metals,
and nutrients are relatively low. Spillways are also very
effective aerators, thus enhancing the oxygen level of the
water, frequently bringing it very close to equilibrium with
the air. Turbine intakes, on the other hand, are often located
near the bottom of a reservoir, withdraw water from a
different level, and prdvide little or no aeration. When the
reservoir is stratified, the water below the surface mixed layer
is colder (and heavier), and DO concentration tends to be
low. If the DO concentration is below approximately 2 ppm,
nutrients, metals, toxins, etc. will also be released from the
sediments as they are ionized by bacteria seeking oxygen.
This water is then discharged downstream, creating a negative
impact for tens of river miles. For this reason, regulatory
agencies tend to be fairly strict on requirements for hydroplants to minimize negative water quality impacts downstream. An impact assessment study would therefore include:
1) development of an economically and scientifically
efficient field measurement program to avoid excessive
expenditures and collection of needless information; 2)
estimate of the withdrawal layers with and without hydroplant
operation and of spillway reaeration capacity; 3) prediction
of changes in downstream DO concentration with hydro
operation and 4) description of potential mitigative
measures.
In addition to performing water quality studies for four
hydropower facilities in Minnesota (7, 8, 9, 10), a research
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Research on Improved Technology
Hydropower plants must handle huge quantities of water
and extract as much of the available energy in this water that
is technically feasible. Even relatively small efficiency gains
can tip the scales in favor of hydropower development in
many situations in Minnesota. The income (or loss) derived
in the first five years of plant operation is a critical consideration in the planning phase. Any efficiency gains that are
realized represent added income for the rest of the plant life
(typically 50 to 100 years). The most meaningful way to
increase plant efficiency is through careful application of the
principles offluid mechanics in the design of water passages
and the turbines themselves.
The basic idea is to install a turbine of highest possible
efficiency in a hydropower scheme that has been designed to
get the flow to and from the turbine with minimum frictional
losses and with no structural or operational problems. Thus
an efficient plant is a careful blend of well-designed hydraulic
passages and the best of the hydroturbine technology. At the
same time, civil works and mechanical component capital
costs must be weighed against operational costs to achieve an
economically feasible project.
Inlet Works
In addition to the need for designing hydraulic structures
with minimal energy losses, there is an especially crucial
need to insure uniform flow at a turbine intake because a
hydroturbine is designed to operate properly with a smooth,
straight approach flow. An excessive swirl or non-uniform
flow profile will reduce turbine efficiency and could even
cause severe vibration with premature failure of the unit.
Fundamental and applied research on free surface vortices
that commonly occur at inlet structures (where there is a
transition from a free surface to closed conduit flow) is
therefore an important part of hydropower development.
Free surface vortices commonly occur at any transition to a
conduit flow, such as a sink or bathtub drain. An example is
shown in Figure 4. Such occurrences are known to cause flow
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Figure 4. Free surface vortex at intake No. 1, Lower St. Anthony
Falls Lock.

blockage, vibration, structural damage, surging, and a loss of
efficiency in turbines. They definitely should be avoided.
One of the major problems in designing a hydroplant is the
specification of the proper intake configuration to avoid or
eliminate strong free-surface vortices (12). A fundamental
study devoted to a better understanding of swirling flow at
hydropower intake provided definitive criteria for the
designer on the configuration of turbine intakes that are free
of intake vortices (13). Information of this type adds
considerably to the information available in the literature.
Previous work ignored an important factor in establishing
guidelines, the angle at which the flow approached the
intake. Thus, this research is a first step towards establishing
more rational design guidelines for turbine intakes.
Physical Models and Computer Simulation
In addition to generic research necessary for establishing
design guidelines, physical model studies are necessary to
insure a cost effective project. Several hydroelectric schemes
in Minnesota have relied on such model studies (14, 15, 16,
17). In each case the information derived from the model
study proved to be invaluable. A typical hydraulic model is a
small scale representation of a planned project designed to
simulate, in considerable detail, the flow around or through
a prototype structure. Physical models can range in scope
from the study of a specific problem such as vortex formation
at an inlet (Figure 5), to a very extensive comprehensive
model of a long river reach upstream and downstream from
the project. Comprehensive models can be used for studies
of scour, construction costs, and plant operation in low flow
and high flow situations. Even the impact on navigation is
sometimes studied in a physical model.
Model studies are often required because the design of a
hydropower scheme is strongly influenced by site specific
conditions. The possibility of a poor design is increased when
an engineer cannot use a standardized design or cannot rely
on previous experience. This is often the case in hydropower
development. Because of the highly complex geometry
encountered, ~ith bubbly flow and sedimentation often
important consid~r~.tions, it is very difficult to circumvent the
need for physical modelling through computer modelling.
Usually the time required to implement a computer study is
longer than that for a physical model, which is an important
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Figure 5. Model Study of the Rapidan Hydropower Intake. The
Rapidan Hydroelectric project, near Mankato, Minnesota, is a
retrofit of new axial-flow turbines into an abandoned
powerhouse. The redevelopment included two 2.5 MW
turbines, half the number originally installed and with a
greater total capacity. Each intake will therefore pass a
significantly higher flow at greater velocities with the same
submergence and approach conditions as the previous
smaller units. Because of the large angle of the approach flow,
intake vortices were a design concern even though prescribed guidelines had been met. A 1:11.7 Froude scaled
model showed severe intake vortices at all operational
reservoir elevations. At the lower reservoir elevation the
vortex was so severe that adjacent water collapsed into the air
core, as shown in Figure Sa. A flow improvement study
recommended several changes. The resulting improvement
in the flow was dramatic, as shown in Figure Sb.
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consideration when deadlines are tight. However, computer
modelling has proved especially useful for analyzing largescale systems such as sewer networks and water supply
systems. Computer modelling is also especially useful for
studying watershed runoff, groundwater flow, and lake and
ocean hydrodynamics, where the physical extent is too large
to be scaled down to a physical model. SAFI-IL is pioneering
the use of hybrid models for hydropower applications where
computer simulation is used to determine the proper flow
conditions to be simulated at the extremities of the physical
model. This helps circumvent the problem of deciding how
much of a given reach of river must be incorporated in the
physical model to achieve proper simulation of the flow in
the prototype.
Hydroturbines
Hydroturbine research at SAFHL has focused on two issues:
a) determination of how the state-of-the-art can be improved
for small to medium size, low-head turbines which are
necessary for greater economical utilization of hydropower in
Minnesota and b) developing the capability for independent
research and testing for the entire U.S. hydropower industry.
The research program builds on other activities in the general
area of fluid mechanics research.

Draft Tube Hydromechanics
A typical hydropower installation is shown in Figure 6. In
addition to problems with turbine inlet flow, the turbine
discharge must also be considered. As shown, the turbine
discharges into a flow passage called a draft tube. The draft
tube serves two purposes. First, it allows the turbine runner
to be set above the tailwater. The draft tube also is flared in
the downstream direction for recovery of kinetic energy left
in the discharge from the runner. In effect, the draft tube
provides more potential energy to the runner by allowing the
pressure on the discharge side of the runner to be below
atmospheric pressure. Draft tubes are considered to be
integral parts of water turbines, and their efficiency is lumped
into the total hydraulic efficiency of the turbine/draft tube
assembly.
The effect of the draft tube on turbine efficiency depends
on both the design of the draft tube and the turbine itself. The
relative importance of good draft tube design depends on the
velocity of the turbine discharge (i.e. the draft tube is more
important when the discharge velocity is high). Analysis has
shown that the discharge velocity can be expressed as a
kinetic energy fraction given by:

In order to assess the means available to make draft tubes
the most efficient, an extensive literature study was carried
out ( 18) which suggested several potentially attractive means
to develop highly efficient and compact draft tubes. However,
there still are large gaps in knowledge about draft tube flows.
There is a definite need for a wide-ranging experimental
program with the objective of closing these gaps and
advancing the state-of-the-art in the design of efficient draft
tubes. SAFI-IL has initiated work in this area; an example is the
computer simulation of diffuser flows. Various computational
flow simulations at SAFI-IL have shown that the flow in a draft
tube is highly complex, requiring very careful design to
achieve improvements.
Cavitation
Cavitation can be defined as the formation of the vapor
phase in a liquid flow when the hydrodynamic pressure falls
below the vapor pressure of the liquid. It is distinguished
from boiling, which is due to the vapor pressure being raised
above the hydrodynamic pressure by heating. Cavitation will
occur at any point where the pressure falls below vapor
pressure. The degree of cavitation will depend on the setting
of the machine, i.e. the elevation of the machine relative to
tailwater elevation. This is expressed quantitatively in terms
of a parameter called Thoma's sigma, a:
a

=

Ha-Hv-Z
H

where Ha =absolute atmospheric pressure expressed in ft of
water, H v =vapor pressure expressed in feet of water ( usually
negligible), and z = elevation of turbine above tailwater (see
Figure 6) The lower a is, the greater the tendency for
cavitation; this is illustrated in Figure 7. Note that at a certain
value of a, cavitation occurs. At lower values of a, cavitation
becomes more profuse. If a is less than some critical value,
a0 there is a measurable drop in performance, as illustrated
in Figure 7.
Cavitation is an interesting but complex process that has
been studied at SAFI-IL for almost 40 years. It turns out that
many factors must be considered including the size and
number of microbubbles in the flow, the level of dissolved
gas, surface finish, turbulence, etc. An extensive review is
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where VD is the turbine discharge velocity, H is the net head
across the turbine, P is turbine power, n is turbine rotational
speed, p is water density, g is the acceleration due to gravity,
and C is a constant of proportionality. When the fraction vU
(2gH) is small, turbine efficiency is insensitive to the design
of the draft tube. In Minnesota, the head, H, is generally low.
Older plants had several low power, low speed turbines
installed to generate power with a low kinetic energy fraction.
Modern low head installations use a smaller number of
relatively high power, high speed units. This results in
substantial economies, but the kinetic energy fraction is
much higher, requiring that careful attention be placed on the
draft tube design.
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given in two papers (19, 20). From a practical point of view,
turbines are normally set to avoid performance breakdown,
but economic considerations normally prevent turbines from
being set so low that no cavitation occurs.
It turns out that the formation and subsequent collapse of
vapor bubbles is a highly erosive process as illustrated in
Figure 8. Recently SAFHL, in cooperation with the consulting
firm of Acres American, completed a field survey of all large
hydroturbines in the U.S. (21). The data base represents more
than two-thirds of the total installed hydropower capacity in
the U.S. One of the important findings is that most turbines
sustain some cavitation damage that requires regular repair
and or replacement of expensive components.
Because the cavitation problem is so complex, fundamental research normally focuses on specific details, with heavy
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reliance on laboratory experimentation with idealized flow
patterns. Current research at SAFHL includes studies of the
interrelated effects of microbubbles (cavitation nuclei),
dissolved gas and turbulence, and tip vortex cavitation, a
problem that is of significant importance in the design oflow
head turbines.
Variable Speed Turbines
The increased use of wind-driven generators in the last few
years has resulted in special generator designs which operate
at varying speeds and frequencies, utilizing static inverters for
conversion of direct to alternating current. The potential
application of this emerging technology to hydropower
production schemes has recently received considerable
attention. Typically, a variable speed hydroelectric scheme
Journal of the Minnesota Academy of Science
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Figure 8. View of a turbine runner that has been eroded by
cavitation.

Figure 9. Schematic of SAFHL independent turbine test
facility.

would consist of the turbine; a synchronous generator
(variable speed and frequency); a rectifier for the generator
output; an inverter at the powerhouse and alternating current
transmission, or direct current transmission; and an inverter
at the substation.
Possible variable-speed turbine applications and benefits
depend on the mode of plant operation, and potential costbenefit analyses require the definition of operation scenarios.
Allowing for variation of the turbine speed should result in
the following advantages:
a) Improved performance at off-design heads and
improved range of operating heads. Low head propeller turbines in particular can experience a very
wide range of operating head as a percent of design
head.
b) Improved performance at off-design discharges and
improved range of operating discharges.
c) Improved performance for pump-turbine units. If the
rotational speed is the same for both turbine and
pump operations, some sacrifice in efficiency in either
or both modes is generally necessary.
The research in this area was theoretical in nature. The
calculations indicate a ± 20 percent range of turbine discharge at constant head with acceptable performance for axial
flow turbines with fixed vanes and blades and for the axial
flow pumps used as turbines (22).

Divisions of Sulzer Bros., and the General Electric Corporation. It is the only turbine test facility in North America that
is independent of any turbine manufacturer. The ITTF, shown
in Figure 9, is a hydraulic loop designed and built to test the
energy extraction and flow performance characteristics of a
physically scaled model turbine. The model turbine, with a
typical runner diameter from 6 in (15 cm) to 18 in ( 45 cm),
is usually a scaled replica of the prototype turbine which is
proposed to be or has been installed at a given hydroelectric
plant.
The efficiency of the model turbine may be computed from
measurements of discharge, pressures upstream and downstream of the turbine (for net head), water temperatures (for
specific weight), and power output, as computed from the
measured torque and rotational speed of the shaft. Cavitation
performance can be monitored visually through inspection
ports, acoustically by mounting an acoustic monitor on the
model, or by measuring the efficiency drop-off that occurs in
conditions of extreme cavitation. The downstream pressure
( equivalent to tailwater level) can be controlled by a vacuum
pump on the top of the tail tank.
There are a number of uses of a turbine test facility in
addition to fundamental research. Major turbine manufacturers typically have one or more test facilities that are used to
test and improve their turbine designs. A hydroplant owner
may require an acceptance test before procurement of the
prototype(s). Comparative model testing compares the
models of two or more manufacturers on one independent
turbine test facility. The results of the comparative tests may
then be utilized in a final determination of the turbine
manufacturer for a project. The benefit/cost ratio of this type
of model test can be substantial (23).
The refurbishing, upgrade, and installation of the ITTF have
recently been completed. In addition, the capabilities and
operational characteristics of the facility have been documented (24). A research oriented project will begin soon.

The Independent Turbine Test Facility (ITTF)
The ITTF was built to serve the need for independent
turbine testing, not only in Minnesota, but across North
America, and at the same time to provide SAFHL with the
capability to carry out a broad range of fundamental research.
It was built with considerable help from the Legislative
Commission on Minnesota Resources, the U.S. Department of
Energy, and several manufacturers, including the Hydroturbine Division of Allis Chalmers Corp (now the York Division
of Voith, GmbH), the Escher Wyss and Dominion Bridge
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Field Performance Testing of Hydroturbines
When a turbine is purchased, the manufacturer usually
warrants the performance, i.e. efficiencies at full and part
discharge, full power output, cavitation erosion, etc. These
warranties are often based upon an estimated performance by
the manufacturer from prior experience on field-tested
turbine units and upon turbine model studies of similar
turbines. The turbine unit efficiency warranties are especially
difficult to verify. If the unit is of sufficient size, a turbine
model test (as described above) should be performed to test
the design. For any new unit, however, a field performance
test is needed. The field performance test incorporates the
design and manufacture of the turbine, but is only accurate
to ± 2 percent, compared to the ± 0.3 percent of the model
test. Thus, both model test and field performance tests have
an appropriate place in the purchase of a hydroturbine.
There are, in addition, many older hydroelectric turbine
units in operation that have never had field efficiency tests
performed. They came with an efficiency curve that was often
unreliable, even when the units were new. The owner may
wish to operate the most efficient units at part load or may
be considering replacing or rehabilitating the units. An
efficiency test should be undertaken to determine the
performance of these units before one can develop an
improved operating sequence and/ or before one can
determine the additional benefits that can be achieved by
replacement.
Turbine efficiency is of particular importance to the
performance of a hydroplant when plant discharge is below
maximum. The power output is then controlled solely by the
discharge available to the turbines and the efficiency of the
turbines. A higher efficiency means more power output for a
given discharge. The difficulty in determining efficiency is
measuring discharge accurately in the field.
The laboratory has been involved in several field tests in
various parts of the U.S. (25). One example is the municipally
owned hydropower facility at the St. Cloud Dam on the
Mississippi River in Minnesota. Two 4.4 MW pit turbines were
purchased to utilize the 17 ft of head at the site. A field
efficiency test was written into the contract with the equipment supplier for three reasons: 1) it provided a degree of
security for bond holders; 2) it made a construction loan
easier to obtain and 3) the hydroplant would run at part load
up to eighty percent of the time, making unit efficiency
especially important to revenue. The manufacturer's warranty
was tested and verified by the measured efficiencies of the
test. As part of the effort to measure discharge, a rack of
velocity meters was lowered into the intake to simultaneously
measure velocities at eleven locations. This rack could then
be moved vertically to measure another set of velocities until
110 velocity measurements were completed. The product of
velocity and cross-sectional area gives the discharge.
Representatives of all parties with an interest in the results
were invited by the City of St. Cloud to witness the acceptance
tests. Seven private and two public entities were represented,
in addition to the people from SAFHL who ran the tests and
made the required measurements. Measurements were
accurate to ± 1.3 percent (95% confidence interval).
Although this particular study was aimed at insuring that
contractual goals were met, there are many older, operating
plants in Minnesota that could benefit from similar field tests.
These plants can be made more cost-effective by automating
their operation. Data from field tests can be incorporated into
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the management software for the system and could aid in
operating the turbines in a given powerhouse at maximum
production subject to complex constraints such as maintaining pond elevations within narrow prescribed limits, meeting
minimum flow requirements, and meeting time of day
requirements.

Conclusions
The pace of hydropower development has receded
somewhat from the heady development of the early 1980s.
Hydropower research, however, is still proceeding at a steady
rate in Minnesota, providing innovative techniques for the
industry that should result in a more cost-effective utilization
of the resource. We believe further, that a rapid escalation of
energy prices is likely sometime in the 1990s, and hydropower development will undergo a similar escalation. The
research undertaken at this time will prepare the industry for
an efficient development progression, and will hopefully
provide the basis for cost-effective hydroplants that will
provide energy throughout the next century.
Even though hydropower does have environmental
impacts, these are relatively local in nature. As our problems
in an energy hungry economy with nuclear waste deposition
and global warming increase, we believe that hydropower
will once again be seen as a primary source of clean energy.
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